We report on the development of bioinspired cardiac scaffolds made from electroconductive acid-modified silk fibroin-poly(pyrrole) (AMSF+PPy) substrates patterned with nanoscale ridges and grooves reminiscent of native myocardial extracellular matrix (ECM) topography to enhance the structural and functional properties of cultured human pluripotent stem cells (hPSC)-derived cardiomyocytes. Nanopattern fidelity was maintained throughout the fabrication and functionalization processes, and no loss in conductive behavior occurred due to the presence of the nanotopographical features. AMSF+PPy substrates were biocompatible and stable, maintaining high cell viability over a 21-day culture period while displaying no signs of PPy delamination. The presence of anisotropic topographical cues led to increased cellular organization and sarcomere development, and electroconductive cues promoted a significant improvement in the expression and polarization of connexin 43 (Cx43), a critical regulator of cell-cell electrical coupling. The combination of biomimetic topography and electroconductivity also increased the expression of genes that encode key proteins involved in regulating the contractile and electrophysiological function of mature human cardiac tissue.
Introduction
In recent years there has been an increasing number of studies in which conductive materials are applied as scaffolds for engineering a variety of tissue types. 1 Specifically, materials such as graphene, 2, 3 carbon nanotubes, [4] [5] [6] gold, [7] [8] [9] and polyaniline (PANi), [10] [11] [12] have all been utilized as promising candidates for cardiac tissue engineering. Polypyrrole (PPy) in particular has been studied extensively due to its ease of synthesis, relatively high conductivity under physiological conditions, ability to be chemically modified to adjust its electrical and biological activity, and well-characterized biocompatibility in vitro and in vivo. [13] [14] [15] [16] While the brittleness of PPy typically precludes its use as a cell-culture substrate, it can be incorporated within a more pliable polymer to form a composite material better suited for biomedical applications. [17] [18] [19] For example, previous work has demonstrated the ability to integrate PPy with silk fibroin, [20] [21] [22] prized for its biocompatibility, robust mechanical properties, low cost, versatility, and biodegradability. 23, 24 It has been established that cell behavior within tissues is partially regulated by their surrounding extracellular matrix (ECM) via both biochemical factors and physical interactions with ECM architecture. [25] [26] [27] Ultrastructural analyses of myocardial ECM indicate that it is comprised of highly-aligned collagen fiber bundles that range in size from a few hundred nanometers to a couple microns in diameter, and that this distinct feature plays a significant role in driving the organization and function of cardiomyocytes, and the organ as a whole. [28] [29] [30] [31] Specifically, the structural definition of the heart on multiple scales induces the directional propagation of forces and action potentials that then enable synchronous and efficient contractions. 32 Inspired by these findings, substrates with anisotropic topography have been utilized to promote not only the polarity and structural development of cardiomyocytes, but their overall maturation as well. 28, 33, 34 Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) offer tremendous potential for the generation of human cardiac tissues for in vitro drug-screening and disease modeling applications, as well as for in vivo therapies such as those for myocardial infarcts. [35] [36] [37] [38] However, one of the greatest limitations in using these cells is that they are often phenotypically deficient post-differentiation, resulting in tissues that are not sufficiently representative of the adult human myocardium. 39, 40 A primary cause of this observed shortcoming in cultured hPSCCMs is that conventional cell culture platforms do not fully recapitulate the variety of cues cardiomyocytes are exposed to in their native tissue niche, and the development of new methods that incorporate multiple tissue-specific stimuli remains challenging.
In this study, we developed a facile approach for enhancing the development of hPSCderived cardiac tissues, in which silk fibroin substrates were first patterned with anisotropic nanotopography that mimicked myocardial ECM. These corrugated silk substrates were subsequently functionalized sulfonic acid groups to facilitate integration of PPy, which imparted electroconductive properties. Nanopattern fidelity was maintained throughout the substrate fabrication process, and the presence of topographical features had no impact on substrate conductivity. It was also found that the nanotopographical and electroconductive cues acted synergistically to promote both tissue organization and the maturation of the contractile and electrical signal conduction capabilities of cultured cardiomyocytes. These results further highlight the benefits of recapitulating the myocardial cell niche in vitro such that physiologically representative cardiac tissues for downstream applications can be feasibly generated.
Experimental

Preparation of Aqueous Silk Fibroin Solutions.
Bombyx mori silkworm cocoons were purchased from Oregon Silkworms in Bend, OR. Cocoons were shredded then degummed by boiling in Na 2 CO 3 (20 mM, 4 L per 10 g of shredded cocoons) solution for 60 min, then washed in boiling DI water for 15 min followed by three 15-min washes in room temperature DI water. The fibroin fibers were then allowed to dry overnight in a fume hood. The dry fibers were placed in a beaker and sufficient LiBr (9.3 M) solution was added to make a 20% w/v solution, which was placed in a 60 °C oven until fibers were fully dissolved. This solution was placed in dialysis tubing (Fisherbrand, 3.5 kDa MWCO) and dialyzed for 24 h against nanopure water that was changed 4 times. This solution was then dialyzed against dilute HCl (1 mM) until it reached pH 7. The solution was concentrated by laying the dialysis bag on dry polyethylene glycol (10k MW) until it reached the desired concentration (6-8% w/v) at which point it was passed through a syringe filter (Millex-CV 5.00 µm), and then stored at 4 °C.
Silk Fibroin Substrate Fabrication.
Master molds used to generate nanopatterned silk fibroin films were fabricated using a modification of capillary force lithography (CFL) techniques that have been previously described. 28, 33, 41, 42 Briefly, a nanopatterned silicon wafer was coated in polyurethane acrylate (PUA; Minuta Technology, Korea), and a 75 µm thick sheet of polyethylene terephthalate (PET; SKC Inc., Korea) was then pressed down onto the silicon wafer. Ultraviolet (UV) light (λ = 250-400 nm) was then applied for 30 s (dose = 100 mJ/cm 2 ) to
give an initial curing. This nanopatterned PUA master mold was then peeled from the silicon wafer and placed under UV overnight to fully cure. A polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, MI, USA) mold was then produced by pouring PDMS over the PUA master mold and left to cure over a period of 48 h at room temperature before the PUA master and PDMS were subsequently peeled apart. Prepared silk fibroin solution was then poured into the PDMS mold and left to dry overnight at room temperature before the resulting nanopatterned silk film was peeled from the PDMS mold and soaked in 70% ethanol overnight. Flat silk fibroin substrates were fabricated using an identical process, but with the use of an unpatterned PDMS mold instead.
Acid Modification of Silk Substrates.
Ethanol-cured silk fibroin films were adhered to a Petri dish by applying polyimide tape to their perimeter, taking care to place the corrugated side facing upward. The film was then immersed in borate buffer (20 mL, 100 mM sodium borate, 123 mM sodium chloride, pH 9.5) and placed on ice. Sulfanilic acid (85 mg) and p-toluene sulfonic acid (p-TSA, 380 mg) were dissolved in nanopure water (5 mL) and placed on ice for 10 min. Sodium nitrite (4 M, 160 µL) solution was added to the acid mixture and returned to the ice for 15 min to allow the diazonium salt to form.
The solution containing the diazonium salt was then pipetted into the silk solution, mixed and allowed to react on ice for 40 min. The reaction solution was discarded and the silk film was rinsed 3 times with nanopure water. Films with this treatment are referred to as acid-modified silk films (AMSF). (Ω/sq) is the sheet resistivity.
Deposition of
Differentiation of hESC-Derived Cardiomyocytes. Cardiomyocyte differentiation from
human embryonic stem cells (hESCs) was accomplished using a previously described and established serum-free directed differentiation protocol. 43 Undifferentiated RUES-2 hESCs before dissociation for flow cytometry analysis. Only differentiation runs that produced a population of cells that were at least 90% cardiac troponin T (cTnT)-positive were used for the experiments described in this study.
Cell
Culture. Prior to cell seeding, fabricated AMSF substrates were incubated at 37 ºC in a monolayers, stem cell-derived cardiomyocytes were seeded onto substrates at a density of 2.5 x 10 5 cells/cm 2 , while a seeding density of 2.5 x 10 4 cells/cm 2 was used for single-cell imaging experiments. Cultures were maintained in RPMI/B27 (plus insulin) medium that was replaced every other day for a total of 21 d. dilution; Sigma-Aldrich) and α-actinin. Mounting medium that included a DAPI counterstain for nuclei was used. Immunostained cells were imaged using confocal microscopy (A1R, Nikon
Assessment of
Instruments, NY, USA) at 60x magnification with oil immersion. Analysis of sarcomere lengths, z-band widths, and connexin expression and spatial distribution was conducted using ImageJ software (National Institutes of Health, MD, USA). Analysis of cell orientation was conducted using a MATLAB script that was developed in-house. 
Results and Discussion
Fabrication and characterization of conductive nanopatterned silk fibroin-PPy substrates.
To better mimic the nanotopographical features of native tissue ECM and thereby provide a more physiologically-relevant microenvironment for cultured cardiomyocytes, capillary force lithography (CFL) was used to pattern silk fibroin substrates ( Figure 1A) . CFL techniques allow for the generation of nanoscale features with a greater fidelity and reproducibility than is achievable using methods such as electrospinning 44, 45 or directional freezing, 46 and can be performed under ambient conditions without the need for a cleanroom. In this study, nanopatterns consisting of aligned grooves and ridges measuring 800 nm × 800 nm × 600 nm (groove width × ridge width × ridge height) were used as these dimensions not only best approximated those of the fiber bundles observed in the ECM, but were also found in a previous study to induce the greatest degree of cellular alignment, hypertrophy, and sarcomere development in cardiomyocytes. 33 Fabricated silk films were then acid-modified through a diazonium coupling reaction that introduces sulfonic acid groups covalently bound to the silk protein backbone via the tyrosine residues ( Figure 1B) . This acid modification of silk fibroin improves the absorption and intercalation of positively-charged PPy into the now negatively-charged silk network, resulting in a significantly more robust interpenetrating-network composite material that resists delamination and maintains stable electroconductive properties in aqueous environments. 20 PPy was then deposited onto the AMSF films by simply submerging the films in an aqueous solution of pyrrole, p-TSA and FeCl 3 for 2 h. The fabrication, modification, and deposition process, progress could be visually monitored, as the silk substrates changed from colorless to orange in the acid modification step (indicative of azo bond formation between the tyrosine and diazonium salt), and from orange to black in the PPy deposition step ( Figure 1C) . Further details and chemical characterization of the resulting silk-PPy films are given in previous publications. 20, 47 Throughout the reaction steps, it was observed that nanopatterned films maintained the iridescent sheen that is characteristic of patterned materials, indicating at a macroscopic scale that the fidelity of the molded pattern was maintained. This finding was confirmed through SEM and AFM imaging of these substrates, where not only were the patterned grooves and ridges well-defined both after acid modification and PPy deposition (Figure 2A ), but the measured dimensions of these features were comparable to the initial design as well ( Figure 2B ). PPy deposition on AMSF had minimal impact on surface roughness and topographical feature size, with the average RMS roughness value of 8.97 ± 0.21 nm practically negligible compared to the patterned ridges that were 600 nm tall (Supporting Information Figure 1) . The nanopatterns did not significantly affect the tensile strength and elastic modulus of the silk-PPy films, as measured values were in the same range as those previously reported for flat films (~7 MPa and ~200 MPa, respectively).
20, 47
Four-point probe measurements of the sheet resistivity of AMSF substrates with and without PPy indicate that, as expected, the addition of PPy significantly increases substrate conductivity.
The sheet resistivity of the unmodified AMSF was greater than 10 6 Ω/sq, while that of AMSF+PPy was typically in the range of 200-500 Ω/sq (which corresponds to a conductivity of
~1 S/cm). This is further illustrated by current-voltage (I-V) curve measurements in which
AMSF+PPy substrates responded to applied voltages and exhibited a non-linear resistive behavior while AMSF-only substrates displayed no response (Figure 3) . Additionally, differences in nanotopography had no impact on the overall electrical properties of the silk-PPy composites, as the I-V curves of flat and patterned substrates were virtually identical. Resistivity of the films typically increased by ~3-10 times over 21 days when soaked in aqueous solutions with or without proteins and enzymes, 20, 47 but even after degradation the conductivities are still higher than that of the native myocardial tissue (0.0002 to 0.0062 S/cm). 48 The method presented here of fabricating biodegradable substrates possessing both electrical conductivity and biomimetic nanotopography offers some significant advantages over other previously reported techniques. Since electroconductive functionality is achieved by absorbing PPy into the existing silk network in a uniform manner, nanoscale features that are present on the surface are maintained without risk of changes in dimension or shape. This contrasts with other methods, such as chemical vapor deposition (CVD), where the conductive materials are deposited onto patterned surfaces and the resulting coating can be inhomogenous. [49] [50] [51] Since the PPy itself is not biodegradable, the ability to incorporate it only in the surface of the silk substrate minimizes the amount of PPy necessary to make the composites conductive. 18, 19 Furthermore, the relative simplicity of the acid modification, CFL patterning, and PPy conjugation processes obviate the need for complex training and expensive equipment. This drives down cost while improving reproducibility, thereby increasing the translatability of the fabrication method and likelihood of adoption by a variety of end-users.
Enhanced structural organization and sarcomere development by electroconductive and nanotopographical cues.
Cardiomyocytes differentiated from human embryonic stem cells were then cultured on flat and patterned AMSF and AMSF+PPy substrates for 21 d before they were fixed and stained for α-actinin to analyze cellular morphology and sarcomeric development. High cell viability was maintained on all substrate types for the entirety of the culture period (Figure 4) . Cells cultured on flat substrates were more disorganized than those on patterned substrates which featured elongated cell bodies that appeared to be aligned to the same axis as the underlying nanotopography ( Figure 5A ). Quantitative analysis of cell orientation revealed that patterned substrates did indeed induce greater anisotropic orientation compared to flat substrates, although overall alignment is slightly reduced on AMSF+PPy substrates ( Figure 5B) . However, this did not appear to have a negative impact on sarcomeric development, as cardiomyocytes on patterned substrates possessed longer sarcomeres than those cultured on flat substrates ( Figure   5C ). Furthermore, the conductivity imparted by PPy also induced a significant increase in sarcomere length in cells on both patterned and flat substrates. Cellular alignment due to topographical cues increased z-band width, and although there was a statistically significant increase in z-band width in cells on AMSF+PPy substrates, the impact of electroconductivity on this aspect of muscle development appears to be limited ( Figure 5D ).
Given the importance of tissue structure on the functional capabilities of the myocardium in vivo, it is critical that this cellular organization is recapitulated within engineered myocardial tissues. Our results confirm the benefits of using bioinspired nanotopographies to achieve this goal, as not only was the overall anisotropic alignment of cultured cardiomyocytes enhanced by topography-mediated contact guidance cues, but this alignment also led to significant improvements in sarcomere organization and development. The sarcomere is the fundamental unit for cardiomyocyte contraction, and cells that possess longer sarcomeres are generally capable of producing greater contractile forces. 52 In relaxed adult human cardiomyocytes, sarcomere lengths are typically approximately 2.2 µm, 53 whereas sarcomere lengths in immature hPSC-CMs have been reported to be approximately 33% shorter at 1.65 µm. 54 In this study, by simply inducing an elongated morphology in cells, average sarcomere lengths could be increased by 10%. For cells cultured on the electroconductive AMSF+PPy substrates, a 23% increase was observed, with average sarcomere length at a near physiological value of 1.83 µm. The lateral alignment of multiple myofibrils is also important, as this allows for synchronous contractions of sarcomeres over larger length-scales, thereby enabling cardiac tissue to produce strong twitch forces. 55 Correspondingly, more mature cardiomyocytes possess larger z-band widths. The maturation benefits of promoting of cellular alignment is once again evident as these morphological changes led to a greater number of sarcomeres to be in register, thus leading to significantly increased z-band widths in anisotropically organized cells.
Modulation of gap junction formation and localization by electroconductive and nanotopographical cues.
Cardiomyocytes were also stained for connexin 43 (Cx43), a gap junction protein critical for regulating the electrical coupling of cardiomyocytes within the mammalian myocardium ( Figure   6A ). Quantitative analysis of Cx43 expression based on immunostaining revealed that while overall expression on a per cell basis was not significantly different between cells cultured on flat and patterned AMSF+PPy substrates, their expression of Cx43 was significantly greater than that of cells cultured on patterned AMSF, which were in turn was greater than that of cells cultured on flat AMSF ( Figure 6B ). Localization of Cx43 was then determined by quantifying the amount of Cx43 in the polar regions of each cell as a percentage of total expression. 56 It was found that while nanotopographical cues induced a greater degree of Cx43 polarization, electroconductive cues had no impact on protein distribution (Figure 6C ).
Taken together, these results provide interesting insights into the impact of electroconductivity on gap junction formation. Culturing of cardiomyocytes on electroconductive substrates leads to an overall increase in the amount of Cx43 expressed per cell, and this result confirms previous observations reported in literature. 7, 51 At the same time, it is apparent that while anisotropic cellular organization as a result of nanotopography also increases expression in cells, it plays an even more significant role in concentrating Cx43 at the polar junctions of adjacent cells. This finding highlights the critical importance of organizing cardiomyocytes in a physiological manner, as it is this polarization of Cx43 that enables the rapid and efficient propagation of action potentials in a uniaxial manner that subsequently leads to the contraction in a concerted direction that is required for the proper function of myocardial tissue. 57, 58 Indeed, abundant expression of Cx43 and its polar localization is one of the hallmarks of fully differentiated ventricular myocytes in vivo. 
Synergistic effects of nanotopography and electroconductivity on expression of genetic markers for cardiac maturation.
After the 21-day culture period, RNA was collected from cultured hPSC-CMs and the expression levels of representative markers for cardiomyocyte development were quantitatively analyzed with qRT-PCR. Genes were selected such that the impact of substrate properties on both contractile and electrical function could be examined at the tissue level. Cardiomyocytes on patterned substrates saw a significantly increased expression of hMYH7, which codes for β-myosin heavy chain (β-MHC), the predominant isoform of MHC in the adult human ventricular myocardium. 60 hMYH7 expression was further increased in cells cultured on AMSF+PPy substrates compared to their counterparts on non-conductive substrates ( Figure 7A) . On the other hand, expression of cardiac troponin T2 (TNNT2), a key regulator of myocyte contraction, was unaffected by substrate topography and only showed increases in expression when cells were exposed to PPy (Figure 7B ). In agreement with the aforementioned observations from the immunohistochemical analysis of gap junction development via Cx43, electroconductivity appears to be a more significant driving factor compared to nanotopography when it comes to regulating the expression of (GJA1) ( Figure 7C ). Similar to the trends noted for hMYH7 expression, topographical and electroconductive cues both promoted the upregulation of the voltage-gated sodium channel Na V 1.5 (SCN5A), with the greatest expression levels seen in cells that were cultured on AMSF+PPy substrates ( Figure 7D) . Na V 1.5 generates the fast sodium current which regulates the cardiac action potential; therefore, the degree of its expression has a significant effect on cardiac conduction velocity. 61 It has become increasingly clear that mechanical and topographical cues play a crucial role in the modulation of cellular epigenetics and function. These cell-matrix interactions are largely mediated by integrins, which are cell surface receptors that regulate a variety of downstream signaling cascades that affect cell morphology, proliferation, differentiation, migration, and gene expression. 62 Integrins typically cluster together to form focal adhesion complexes, and the frequency, shape, and distribution of this clustering is greatly influenced by topographical features at the sub-micron level. 63 Focal adhesion kinase (FAK) localizes at these complexes and acts in conjunction with integrins to transduce extracellular mechanical signals to dictate cellular processes. FAK and FAK-associated signaling has been implicated in regulating cardiogenesis via adhesive and topographical cues in vitro, 34, 64, 65 and the role of both integrins and FAK in cardiac organogenesis and maturation is so critical, that ablation or disruption of their function has been shown to result in embryonic mortality in vivo. [66] [67] [68] Thus, by mimicking native ECM topography with the substrates developed in this study, we were able to leverage these mechanotransductive processes to impart beneficial maturation effects on cultured hPSC-CMs.
It is also evident that electroconductive cues have a profound effect on almost all major aspects of cardiomyocyte development. While there is an abundance of evidence that conductive materials drive the maturation of myocytes, the exact mechanisms and pathways involved have yet to be fully elucidated. One hypothesis suggests that close proximity of cell membranes to conductive surfaces induces a hyperpolarization of the membrane resting potential, which has been demonstrated to be an important factor in promoting the cardiomyocyte maturation process. 69 It has also been suggested that the ability for conducting materials to not only improve the adsorption of proteins, but also induce a more bioactive conformation of these proteins, allows for a greater presentation of maturation-promoting biochemical cues. 70, 71 The myocardium is an electrically active tissue with an inherent conductivity reported to range from 0.02 to 0.62 S/m and is permeated with conductive Purkinje fibers that assist with action potential propagation. 48 Thus, the presence of an electrically-responsive material in the cell culture microenvironment could serve to reproduce the extracellular voltage gradients and electrical fields that are present in vivo and are known to significantly influence developmental processes. 
Conclusion
By using nanopatterned AMSF+PPy substrates for culturing hPSC-CMs, we have demonstrated the ability to harness the combined benefits of electroconductivity and bioinspired nanotopography for enhancing cardiomyocyte development. In addition to adopting an anisotropic morphology, cultured cardiomyocytes exhibited markedly improved sarcomere and gap junction development and organization. The pro-maturation effects of the substrates were also reflected in the increased expression levels of genes associated with proteins that are critical for proper cardiac tissue excitation-contraction function. Corresponding improvements in functional capability, such as force generation and action potential conduction velocity, remain to be investigated in future studies. The results presented here add to a growing body of evidence that the overall maturation of a variety of cell types, especially cardiac and skeletal myocytes, can be drastically improved when biomimetic nanotopography and electrical cues are both present in the culture microenvironment. 50, 51, [73] [74] [75] [76] In addition to the beneficial effects of the substrates on cell maturation, the ability to obtain defined nanoscale features and electroconductive properties in a pliable, biodegradable, and biocompatible platform also greatly expands the potential for this composite material to be used in a variety of in vivo applications, such as for engineering tissue patches and implantable devices.
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